The allelopathic potential of Tithonia diversifolia (Hemsl.) A. Gray has been established. However very little is known about how its leachates elucidate this effect in plants. We examined the induction of oxidative stress in Amaranthus hybridus Linn. by aqueous extracts of dry and fresh shoot tissues of T. diversifolia. The extent of lipid peroxidation, membrane damage/electrolyte leakage and the activities of superoxide dismutase and catalase were determined in A. hybridus treated with extracts. The results obtained showed that the application of dry shoot extract of T. diversifolia induced peroxidation of lipids in A. hybridus while treatment with fresh shoot extract of T. diversifolia had no significant effect on lipid peroxidation. Percentage electrolyte leakage was very low (< 6 %) in the test plants under both treatments. The activities of both superoxide dismutase and catalase increased in the test plants under both treatments throughout the experiment. These findings suggest that allelochemicals in T. diversifolia induced oxidative stress in A. hybridus. However, in this case, the effect of the induced stress on membrane lipids was mitigated by the high activities of both antioxidant enzymes as evident in the low percentage ion leakage observed in the test plants.
The allelopathic potential of Tithonia diversifolia (Hemsl.) A. Gray has been established. However very little is known about how its leachates elucidate this effect in plants. We examined the induction of oxidative stress in Amaranthus hybridus Linn. by aqueous extracts of dry and fresh shoot tissues of T. diversifolia. The extent of lipid peroxidation, membrane damage/electrolyte leakage and the activities of superoxide dismutase and catalase were determined in A. hybridus treated with extracts. The results obtained showed that the application of dry shoot extract of T. diversifolia induced peroxidation of lipids in A. hybridus while treatment with fresh shoot extract of T. diversifolia had no significant effect on lipid peroxidation. Percentage electrolyte leakage was very low (< 6 %) in the test plants under both treatments. The activities of both superoxide dismutase and catalase increased in the test plants under both treatments throughout the experiment. These findings suggest that allelochemicals in T. diversifolia induced oxidative stress in A. hybridus. However, in this case, the effect of the induced stress on membrane lipids was mitigated by the high activities of both antioxidant enzymes as evident in the low percentage ion leakage observed in the test plants.
Introduction
Plants produce secondary metabolites which play diverse roles ranging from regulation of vegetative growth and development, response and defense against pathogenic invasion to reproduction where they act as attractants for pollinators etc. Some bioactive secondary metabolites are very significant because they mediate plant-plant and plant-microorganism interactions (Bednarek, 2012; Mithöfer and Boland, 2012) hence exerting great influence on agro-and forest ecosystem dynamics.
Allelopathy is one of such plant-plant and plant-microorganism interactions (Olofsdotter et al., 2002; Weir et al., 2004) where secondary metabolites, known as allelochemicals, released by the donor plants exert either stimulatory or inhibitory effects on the growth and development of the recipients, which include other plants and microorganisms that these allelochemicals come in contact with (Singh et al., 2001; Weir et al., 2004) . Leachates and aqueous extracts of a number of plants like Xanthium occidentale L., and Cirsium japonicum, (Chon et al., 2003) , Conyza canadensis (L.) Cronquist (Shaukat et al., 2003) , Sicyos deppei (Lara-Nuñez et al., 2006) , Tithonia diversifolia (Musyimi et al., 2012) and Chromolaena odorata (Otusanya et al., 2015) have been shown to be allelopathic.
Relatively little is known about the mechanism(s) of action of allelochemicals and the adaptive strategies adopted by plants in defense against allelochemicals (Bais et al., 2006) even though allelopathy is of huge agronomic and ecological significance. Many phytotoxic allelochemicals have been found to influence a number of physiological reactions. Berger and Schagerl (2004) showed that allelochemical-induced inhibition of algal growth was mainly due to the alteration of algal photosynthesis while Hong et al. (2009) concluded it was due to destruction of cell structure, alteration of respiration and enzymatic activities. A few allelochemicals that induced enzymatic and non-enzymatic antioxidant systems in plants have been reported by Gniazdowska and Bogatek (2005) . Yang et al. (2011) reported that an allelochemical, ethyl 2-methyl acetoacetate, induced oxidative damage in the marine algae, Phaeodactylum tricornutum.
Tithonia diversifolia (Hemsl.) A. Gray is an annual aggressive weed belonging to the family Asteraceae. It has been reported to have high invasive capacity, ability to compete effectively and also pose serious threats of phytotoxicity to agricultural crops. Studies like those conducted by Adetayo et al. (2005) , Bogatek et al. (2006) , Otusanya et al. (2007) , Oyerinde et al. (2009 ), Musyimi et al. (2012 and Otusanya et al. (2015) have established the allelopathic potentials of aqueous extracts of T. diversifolia. Miranda et al., (2015) demonstrated that some of the active allelochemicals in T. diversifolia are sesquiterpene lactones which include 8β-O-(2-methylbutyroyl)tirotundin, 8β-O-(isovaleroyl)tirotundin, 1βmethoxydiversifolin, tagitinin A, and tagitinin C. Despite these, how allelochemicals in this plant acts remains largely unexplained. This study was thus conducted with a view to determining the mode of action of the allelochemicals in the shoot tissues of T. diversifolia. The effect of aqueous extracts of dry and fresh shoot tissues of T. diversifolia on lipid peroxidation (the oxidative deterioration of lipids), membrane permeability appraised as percentage electrolyte leakage and the activities of superoxide dismutase and catalase in Amaranthus hybridus Linn. (test plant) were estimated.
Materials And Methods Collection of Plant Materials
The seeds of A. hybridus were obtained from the National Horticultural Research Institute (NIHORT) Ibadan, Nigeria while seeds of T. diversifolia were collected from the wild. T. diversifolia seeds were sown on a cleared portion of land and watered daily. Fresh shoots of T. diversifolia were harvested from the plot and used for the preparation of aqueous extracts for treatment.
Preparation of Aqueous Extracts of Tithonia diversifolia
Extraction of fresh and dry shoot tissues of T. diversifolia was carried out according to the method described by Ahn and Chung (2000) . 500 grams of the fresh shoot tissues or dry shoot tissues was cut into small chips and blended. The blended plant material was soaked in 10 litres of water for 12 hours, filtered through cheese cloth to remove debris and then filtered through Whatman No. 1 filter paper. The final filtrate served as the fresh shoot aqueous extract (FSE) or dry shoot aqueous extract (DSE) depending on the material used. The extracts were stored in a refrigerator at 4 o C to prevent the degradation of the allelochemicals present in them.
Growth Experiment
This was carried out in a screen house. Seeds of Amaranthus hybridus were sown in 30 perforated plastic pots filled with garden soil and watered with 300 ml of tap daily. Two weeks after planting, seedlings in each pot were thinned to 10 seedlings per pot. The pots were laid out in a completely randomized design with ten pots each allocated to control, fresh shoot extract and dry shoot extract treatments. Thereafter, each pot assigned to the control was supplied with 300 ml of tap water daily while each pot allocated to extract treatments was supplied with 300 ml of the appropriate extract daily. Data collection commenced one week before shoot extracts treatments started.
Preparation of Enzyme Extract
Tissue extract was prepared by homogenizing 100 mg of precooled A. hybridus leaves in 3 ml of 50 mM potassium phosphate buffer (pH 7.2) with 10 mM EDTA. The homogenates were centrifuged at 4000 g for 20 minutes and the supernatants collected in clean test-tubes and stored on ice until when ready for use.
Superoxide Dismutase Activity
Superoxide dismutase activity was assayed by estimating the inhibition of pyrogallol autoxidation at alkaline pH as described by Marklund and Marklund (1974) . 0.5 ml of the enzyme extract was removed into a clean test-tube and diluted to 2 ml with 100 mM potassium phosphate buffer (pH 8.2) with 100 mM EDTA. To 2 ml of 0.2 mM pyrogallol in a cuvette, 0.5 ml of the diluted enzyme extract was added. A lag of 30 seconds was allowed for a steady state of autoxidation of pyrogallol to be attained. Then the change in absorbance due to pyrogallol autoxidation was monitored at 420 nm for 3 minutes in a S23A Visible Spectrophotometer (Gulfex Medical and Scientific, England). Maximum change in absorbance due to autoxidation of pyrogallol without enzyme extract was estimated as above but replacing 0.5 ml enzyme extract with 0.5 ml of 50 mM potassium phosphate buffer (pH 7.2) with 10 mM EDTA. Percentage inhibition of pyrogallol autoxidation by superoxide dismutase in tissue extracts was calculated. Superoxide dismutase was expressed in terms of enzyme units per gram of fresh weight (U g -1 f. wt.) in which one unit of superoxide dismutase was taken as the amount of enzyme that inhibited the autoxidation of pyrogallol by 50% under the assay conditions.
Catalase Activity
Catalase activity was estimated as described by Aebi (1984) with slight modifications. The total reaction mixture of 2.5 ml contained 2 ml of 100 mM H 2 O 2 and 0.5 ml of enzyme extract in a cuvette. The change in absorbance due to catalase mediated decomposition of H 2 O 2 was followed for 3 minutes at 340 nm in a visible spectrophotometer. The extinction coefficient of H 2 O 2 which is 0.047 litres moles −1 cm −1 at 340 nm was used to calculate catalase activity which was then expressed in terms of moles of H 2 O 2 degraded per minute per gram fresh weight (moles min -1 g -1 f. wt.) of A. hybridus.
Lipid Peroxidation
Lipid peroxidation was assayed in terms of malondialdehyde content as described by Heath and Packer (1968) . A. hybridus leaves were harvested and 100 mg of each sample homogenized, extracted with 3 ml of trichloroacetic acid (TCA, 0.1 %, w/v) and centrifuged at 4000 g for 20 minutes. To 0.5 ml of the supernatant, 1 ml of 0.25 % w/v thiobarbituric acid and 1 ml of 20 % w/v TCA were added. The mixture was incubated at 95 o C for 40 minutes, quickly cooled over ice and then centrifuged at 4000 g for 5 minutes. The absorbance of the supernatant was determined in a visible Spectrophotometer at 532 nm and corrected for non-specific absorbance at 600 nm (i.e. absorbance value at 600 nm was subtracted from absorbance value at 532 nm). Malondialdehyde content was calculated using Beer Lambert's equation. The extinction coefficient of malondialdehyde, 155 mM -1 cm -1 , was used to estimate malondialdehyde content which was then expressed in terms of micromoles per gram fresh weight (µmol g -1 f. wt.) of A. hybridus tissue.
Results

Superoxide Dismutase Activity
Superoxide dismutase activity in the extract treated plants increased sharply reaching almost double the rate in the control plants within the first two weeks of treatment. The activity of superoxide dismutase in the treated plants continued to increase to well over 300% of that in the control plants at the end of the experiment (Figure 1 ). 
Weeks
Control FSE DSE
Electrolyte Leakage
Electrolyte leakage was determined by the method described by Jambunathan (2010) . Healthy leaves (free of any form of physical damage) were excised from sample plants and washed with distilled water to remove surface adhering particles and electrolytes. Three uniform leaf discs were cut out from each sample with a cork borer. The leaf discs were rinsed with distilled water and then transferred into a glass tube containing 20 ml of distilled water. The glass tubes were then incubated at ambient temperature for 12 hours. Thereafter, the electrical conductivity of the bathing solution was recorded using Hanna Portable pH/EC/TDS/Temp meter (HI 9813-6). These samples were then autoclaved at 100 °C for 40 minutes to completely kill the tissues and release all electrolytes. The samples were cooled, the final electrical conductivity measured and the percentage electrolyte leakage (PEL) was calculated.
Statistical Analysis
There were six replicates for each treatment. Statistical analysis was carried out by using One-Way Analysis of Variance (ANOVA) and least significant difference (LSD) at 5% level of confidence (p < 0.05) with the statistical package SPSS (version 17) for Windows® (SPSS Inc., Chicago, IL, USA).
Catalase Activity
Catalase activity in the FSE and DSE treated plants increased gradually, within the first two weeks, and then rapidly to almost triple the activity in the control plants. The activities of catalase observed in FSE treated plants was not significantly different (p < 0.05) form that in DSE (Figure 2 ). 
Lipid Peroxidation
MDA content increased in both the control and the extract treated plants throughout the experiment (Figure 3 ). However, MDA content in the DSE treated plants were significantly (p < 0.05) higher when compared to that of the control plants. Though MDA content in FSE treated plants was high it was not significantly different (p < 0.05) from that of the control plants. 
Electrolyte Leakage
In the first two weeks of the experiment, PEL was zero in the treated plants while in the control, it dropped from about 1 % to zero in the first week and remained at zero in the second week (Figure 4) . PEL in both the control and treated A. hybridus plants remained low and below 6 % throughout the period of the experiment. PEL in FSE treated plants was significantly different (p < 0.05) from that in the control plants while there was no significant difference (p < 0.05) between PEL in DSE treated plants and the control plants. 
Discussion
The objective of this study was to determine how allelochemicals in aqueous extracts of T. diversifolia elucidate their allelopathic effect in A. hybridus. Our results provided some evidence that extracts of T. diversifolia induced oxidative damage in the test plants.
Superoxide dismutase activity in the assay plants were found to have increased significantly in response to treatment with both DSE and FSE of T. diversifolia (Figure 1 ). An indication that allelochemicals in the extracts had induced an increase in superoxide ion levels in the tissues of the test plants. A similarly significant stimulation of catalase activity was observed in the test plants subjected to treatment with both extracts from T. diversifolia in this study (Figure 2 ). The enhanced catalase activity observed correlates with the high superoxide dismutase activity. Superoxide dismutase 'mop up' superoxide ions from tissues by catalyzing the spontaneous dismutation of the radical into H 2 O 2 and molecular oxygen (Sharma et al., 2012) . Thus a high superoxide dismutase activity would result in an increase in H 2 O 2 level in the plant tissues which would require a similarly enhanced catalase activity to clean up. Hence, the high catalase activity observed was employed by the stressed plants to prevent the accumulation of H 2 O 2 to toxic level in their tissues.
The increase in the activities of both antioxidant enzymes reported here is consistent with the findings of Zheng et al. (2006) who reported an increase in superoxide dismutase activity in water hyacinth (Eichhornia crassipes) treated with leaf extracts of Lantana camara. Similarly, Zhu et al. (2014) reported that allelochemicals from the root of Ageratina adenophora stimulated superoxide dismutase activity in A. adenophora seedlings. Also in a study on the effects of allelochemicals from Ficus microcarpa on Chlorella pyrenoidosa, Jiang et al. (2014) reported a similar stimulation of catalase activity in the algae.
It can be inferred from the enhancement of antioxidant enzyme activities in the treated plants that allelochemicals in FSE and DSE of T. diversifolia induced oxidative stress in the test plants. Enhancing the activity of catalase and superoxide dismutase was the plants defense response to ameliorate the potentially detrimental effects of the extract-induced oxidative stress. Gupta et al. (1993) had earlier reported that overexpression of superoxide dismutase gene and hence increased superoxide dismutase activity in plants enhanced tolerance to oxidative stress in the plants. Guan et al. (2009) also observed that overexpression of a catalase gene from Brassica juncea introduced into tobacco, enhanced its tolerance to cadmium induced oxidative stress.
The level of lipid peroxidation in plant tissues has been widely used as an indicator of reactive oxygen species mediated damage to cell membranes under stress conditions. Malondialdehyde is one of the final aldehydic secondary products formed in the peroxidation of unsaturated fatty acids in phospholipids which ultimately results in cell membrane damage (Halliwell and Gutteridge, 1989) . It is a suitable biomarker for lipid peroxidation (Taulavuori et al., 2001) . A vital finding of this study was that treatment with shoot extracts of T. diversifolia induced accumulation of malondialdehyde in the test plants. However, while the DSE-induced increase in malondialdehyde content in the test plants was significant (p < 0.05), malondialdehyde content in FSE treated plant, though higher, was not significantly different (p < 0.05) from those of the control plants (Figure 3) . Similar findings were reported by Zhu et al. (2014) who found that allelochemicals from the root exudates of Ageratina adenophora (Spreng.) caused lipid peroxidation and damage to cell membrane of A. adenophora leaves. Recently, Xu et al. (2015) reported a similarly high malondialdehyde content in Pogostemon cablin under autotoxicity of its own allelochemicals.
Leakage of electrolytes or ions from plant tissues due to loss of plasma membrane integrity has been linked to allelochemical-induced increase in the peroxidation of membrane lipids. For instance, Li and Hu (2005) concluded that the observed ion leakage in the protoplast of Chlorella pyrenoidosa and Microcystis aeruginosa subjected to anti-algal allelochemicals from Phragmites communis was due to allelochemical-induced peroxidation of membrane lipids. We observed a rather low (< 6 %) and insignificant percentage electrolyte leakage in both the DSE and FSE treated test plants (Figure 4) . These findings seems to suggest that despite the obvious induction of oxidative stress in A. hybridus by both treatments as evident in the high activities of antioxidant enzymes, the level of lipid peroxidation was not severe enough to bring about a significant breach of membrane integrity. Thus reiterating that the high activities of these enzymes might have been efficient in mitigating the damaging effects of allelochemical-induced oxidative stress on membrane lipids.
While we have been able to show that allelochemicals in T. diversifolia induced oxidative damage in A. hybridus, further studies need to be conducted to identify the exact biological processes in plants that allelochemicals interfere with to bring about these detrimental effects. These will facilitate a broad understanding of the underlying competitive strategies that this weed has evolved with which has proven to be quite efficient as evident in its ability to establish completely pure stands in invaded habitats within a few growing season.
